Introduction
It has been recognized for many years that the occurrence of polar stratospheric clouds at very low temperatures during winter is the main factor for initializing large chemical ozone depletions inside the [Browell et al., 1990 ] in addition to type 2 PSC water ice particles which form below the frost point. Type lb PSCs are presumably liquid particles [Toon et al., 1990] , and laboratory measurements and model calculations suggest that these particles could be composed of supercooled ternary solutions (STS; HNO3/H2804/H20 ) [ If type lb PSC particles are composed of supercooled ternary solutions, then they will form by direct uptake of nitric acid and water from the gas phase, without nucleation. The direct uptake will be a smooth function of temperature and will result in a steep increase in total condensed volume at about 4 K below TN^T. If this uptake occurs slowly, all the particles will be in equilibrium with the gas phase, and so all the particles will have the same composition Carslaw et al., 1994] .
The formation of solid type l a PSC is difficult to explain, both from theoretical microphysics, laboratory studies, and field experiments [Tolbert, 1994] . Previously, it was assumed that NAT would form by heterogeneous nucleation on frozen sulfate aerosol particles. This picture has been questioned, at least as the initial PSC formation process in early winter, and perhaps generally in the Arctic. This is because laboratory experiments on bulk or thin-film supercooled ternary mixtures have indicated that freezing only takes place below NAT nucleation might be possible on preactivated SAT surfaces. Zhang et al. [1996] found in laboratory experiments that SAT, which has once been involved in NAT formation, would be more suitable for NAT nucleation in a subsequent cooling. This mechanism may be important in later stages of PSC formation during winter in the Arctic. On the other hand, Koop and Carslaw [1996] argue from thermodynamical model calculations that SAT would melt during cooling below a deliquescence temperature (Td) , roughly 2-3 K above the ice frost point, when HNO3 is present in the gas phase. According to this theory, SAT particles would transform into liquid supercooled ternary solutions by large HNO3 uptake, since SAT would be unstable in this temperature range with respect to STS. Some predictions and perhaps mutual contradictions emerge from these two theories which observational studies should try to address. First, a prediction from the Koop and Carslaw [1996] theory would be that deliquescence sets a well defined temperature limit, given by the ambient conditions, below which PSCs should form. This threshold lies between the temperature, where STS particles start their growth, and the deliquescence temperature, that is at roughly 4 K below TNAT. Second, SAT particles in the stratosphere have presumably frozen below or close to the ice frost point. At that stage the particles are likely to have contained nitric acid in some form. Upon subsequent heating and evaporation of HNO3, the remaining SAT core could be preactivated for NAT condensation. NAT may then condense on preactivated SAT in a subsequent cooling when saturation ratios of nitric acid over NAT reach about 10 [Zhang et al., 1996] . This would seem to be in conflict with the constrain on deliquescence upon cooling, requiring this to occur before the nucleation of any HNO3 solid phase, and noting that SAT deliquescence would take place at lower temperatures around saturation ratios of 20-25 with respect to NAT [Koop and Carslaw, 1996] .
As another aspect of solid particle formation, Meilinger et al. [1995] argued that very fast cooling in lee wave events would cause the composition of liquid particles to depart considerably from equilibrium. The small particles quickly adjust their composition toward equilibrium, while the large particles would not be able to maintain equilibrium due to slow diffusion in the gas phase, limiting their HNO3 uptake. The same nonequilibrium conditions could also prevail during SAT deliquescence without the requirement of fast cooling [Koop and Carslaw, 1996] . Thereby the smallest particles could approach the stoichiometric composition of NAT with very small amounts of H2SO 4 which, according to laboratory experiments, would favor the freezing. In this view, freezing into stable solid particles would start among the smallest particles in the size distribution [Meilinger et Table 2 below), whereas the full data set is presented in comparisons with the measured temperatures in Plate 2.
In the following data analysis, the measured air temperatures are related to the condensation temperature of nitric acid trihydrate, TN^T [Hanson and Mauersberger, 1988] . In order to calculate TN^T a northern hemisphere limb infrared monitor of the stratosphere (LIMS) profile of nitric acid vapor mixing ratio [Gille and Russell, 1984] has been assumed together with a water vapor mixing ratio profile, increasing linearly from 4 to 6 parts per million by volume (ppmv) in the above potential temperature altitude range. Errors of 3 parts per billion by volume (ppbv) HNO3 (-30%) or 0.5 ppmv H20 (-10%) would imply an error in T?4^x of about 0.5 K.
Plate 2a shows a scatterplot of the observed aerosol backscatter ratios at 940 nm against the color index from measurements in the above altitude range at temperatures between TN^x +8 K and the ice frost point (at roughly 7 K below TN^x). Apparently, the particle observations fall into two main categories: one group of particles showing large variability in the aerosol backscatter ratio with color indices in a narrow range around 5-8 (red symbols), while another 
Data Analysis
Simulations have been performed to calculate the expected aerosol backscatter and color index from supercooled ternary solution particles. In these calculations a background binary (H2SO4/H20) aerosol population has initially been assumed, described by a lognormal size distribution with 10 particles assuming the particles to reach equilibrium at each temperature step. To calculate the supercooled ternary solution compositions at low temperatures, the HNO3 and H20 vapor pressure expressions given by Luo et al. [1995] have been used. Plate 3a shows the simulated growth in the aerosol size distribution every 0.5 K during the cooling, while the particles take up significant amounts of nitric acid and water from the gas phase and change the composition, as displayed in Plate 3b. The sharp increase in the particle volume takes place at roughly 4 K below TN^T (black curve in Plate 3b), while the particle composition changes from sulfuric to nitric acid dominance (red and blue curves), and the gas phase is depleted of HNO3 (green curve). Mie scattering theory [Bobten and Huffman, 1983 ] has been applied to calculate aerosol backscatter ratio at the two wavelengths, 940 and 480 nm, as it would be observed by the backscatter sonde [Larsen et al., 1994] The particles with color indices between 8 and 10 (black symbols in Plate 2) could be solid, liquid, perhaps small solid metastable particles, or mixtures of different particle types which cannot be determined. However, in order to clearly discriminate between the two particle types (la and lb) the gap in color index between 8 and 10 has arbitrarily been adopted, although this designation does not necessarily reflect a specific property of the particles. Table 2 . The data are binned in the same way for the two particle types, but the columns for type l a PSC are shown slightly narrower to facilitate the comparison. Laboratory deposition experiments, performed at stratospheric conditions with high ratios of H20 to HNO3 in the gas phase [Marti and Mauersberger, 1993] [Adriani et al., 1995] . Observational evidence from the Arctic has been presented for the initial formation of numerous small solid PSC particles in a water-rich metastable phase of relatively high nitric acid vapor pressures, compared to NAT . These measurements indicated that type la NAT PSC particles could form after being exposed to temperatures below T•^T for more than 1 day without necessarily going through rapid mesoscale temperature fluctuations below the ice frost point . It has also been shown that in the initial stages of PSC formation a supercooled ternary solution composition of particles provides a better fit to Microwave Limb Sounder measurements of gas phase HNO 3 abundances over . On the basis of our sparse data set from lee-wave regions this hypothesis cannot be assessed here, and it remains to be seen which of the two processes could be the dominant contributor to the occasionally large scale denitrification in the Arctic.
Conclusion
In this study we have investigated the influence of synoptic temperature histories on the physical properties of PSC particles. It appears from the presented observations that liquid type lb PSC particles can be cooled to very low temperatures, approaching the ice frost point, without causing them to freeze. In a subsequent monotonic heating, the particles will survive in the liquid state. Most of the liquid type lb particles are observed in the process of an ongoing, relatively fast, and continuous cooling from temperatures clearly above the NAT condensation temperature. The particles are mostly seen at the edge of a cloud shortly after they enter the cold area. On the other hand, it appears that a relatively long period, with a duration of at least 1-2 days, at temperatures below TN^T, and possibly also accompanied by slow, synoptic temperature fluctuations, provide the conditions which may lead to the production of solid type l a PSCs. Solid PSC particles are therefore expected to be observed in aged clouds.
